Abstract: Glass-fiber-reinforced composite materials (GFRPs) are used widely in various fields of engineering. Turning is the principal process conducted on these materials for obtaining minimum surface roughness. Machining of GFRP materials is different from traditional style due to their inhomogeneous and anisotropic structures. Optimum machining parameters for specific GFRP materials need to be ascertained for perfect machining. In this study, the influence of cutting parameters and insert radius on the cutting force and surface roughness of GFRP material during machining was investigated. For measuring main cutting force, a threecomponent piezoelectric crystal type of dynamometer was used. Cutting force and surface roughness were experimentally measured through longitudinal axes of the GFRP material. Through this study, it was observed that high cutting speeds and low feed rates provide the best surface quality in the turning process of GFRP composite materials.
Introduction
Advanced technology is required to have materials with extraordinary properties that cannot be met by traditional metal alloys, ceramics, and polymer materials. High-tech materials with extraordinary properties are developed by combining two or more materials complying with different characteristics in macrostructure with specific ratios under some certain physical conditions [1] .
The most important and widely used composite materials are reinforced fibers. The design objective of fiber-reinforced composites is generally concentrated on producing materials with high strength and/or high stiffness as well as low weights. Of all fiber-reinforced polymer composites, glass-fiber-reinforced polymer (GFRP) composites are the most popular ones because of retaining advantages such as high strength, easily attainable, economic, and good corrosion resistance [1, 2] . Owing to these superior properties, GFRP composites are used in a wide spectrum from airplanes to variety of machine tools, as alternative to conventional materials [2] [3] [4] .
The first theoretical research in this field was carried out by Everstine and Rogers in 1971. It analyzed plane deformation of incompressible reinforced composites structured with strong parallel fibers [5, 6] . Since then, the research in this field has continuously developed and expanded in both synthesis and analysis perspectives. Composites that have inhomogeneous and anisotropic [7, 8] structures are subject to machining (turning, milling, and drilling), as a secondary process, to achieve surface quality and dimensional accuracy [3, 9, 10] . Turning is the primary machining operation considered in most industrial production processes [11] . In the turning process, some problems on the subject of cutting tool and work-piece such as tool wear and surface roughness are encountered. Surface roughness affects the properties of wear resistance, fatigue behavior, friction coefficient, lubricating, wear rate, and resistance against corrosion of machined parts [11, 12] . Since GFRP composites are extremely abrasive, proper selection of the cutting tool and cutting parameters is needed for a perfect machining process [13] . In this direction, a variety of studies have been conducted on analyzing the effects of cutting parameters, insert radius, as well as derivatives of these parameters on the surface roughness of different composite materials with various cutting tools [6, 13, 14] , cutting speeds [6, 7, 10, [15] [16] [17] [18] [19] , feed rates [6, 7, 10, [15] [16] [17] , and fiber orientation [6, 7] . Also, a variety of analyzing strategies such as optimizing cutting parameters using multiple analysis regression [16] , hand lay-up making use of orthogonal array, and analysis of variance statistical technique [16] have been developed. In these studies, it has been reported that surface roughness increased in response to increasing feed rate and decreasing tool radius [7, 10, 15] and cutting velocity [15] [16] [17] [18] [19] . Also, it has been suggested that for obtaining a better machinability index, polycrystalline diamond tools were better than cemented carbide cutting tools [14] .
Khan and Kumar [13] investigated surface roughness and tool wear as a consequence of processing GFRP composite material with filament winding produced in their laboratory using silicon carbide (SiC) whisker reinforced alumina cutting tool (CC670) and titanium carbon nitride (Ti[C, N]) mixed alumina cutting tool. They found that surface roughness obtained by the SiC whisker reinforced alumina cutting tool was better than the one obtained by the Ti[C, N] mixed alumina cutting tool. Recently, using polycrystalline diamond (PCD) tool turning polytetrafluroethylen composites, Fetecau and Stan [15] analyzed the effect of cutting parameters and insert radius on cutting force and surface roughness. They discovered that surface roughness was considerably affected by feed rate and insert radius such that the surface roughness increased with a rise in feed rate and decreased with a rise in insert radius. They showed that cutting speed and depth of cut had a small effect on surface roughness, and surface roughness decreased very little with an increase in depth of cut and cutting speed. Experiments [9, 20] conducted on machining of GFRP by means of tool materials Cubic boron nitride (CBN), PCD, and single crystal diamond), geo metries (round and straight), and fiber orientation (angles varying from 300° to 900°) suggested that a low cutting force and single crystal diamond tool are effective in producing good quality surface and that a straight-edge tool is better than a round-edge tool. The experiments revealed that, while a decrease in feed rate improved surface quality, the depth of the cut and cutting speed did not affect the surface finish. They also showed that cutting force and surface roughness are highly influenced by feed, followed by cutting speed and angle of fiber orientation, while depth of cut less effected surface roughness [20] . Davim et al. [21] performed a study to minimize the surface delaminating problems arising from material and cutting parameters in milling composite materials. They evaluated the cutting parameters based on delaminate factors, surface roughness, international dimensional precision, and cutting parameters in two different GFRP composite materials. They showed that feed rate was the most prominent parameter affecting cutting force and that surface roughness increased with feed rate and decreased with cutting speed, which was also confirmed by other authors [6, 7, 10, 16] . Kalla et al. [8] developed a methodology for estimating cutting forces in carbon-fiber-reinforced polymers by using helical end mill in various fiber orientations. Darlewski and Gunthe [22] studied turning of glass-fiber-reinforced (GFR) epoxy and phenol and found that surface roughness increased with the increase in feed rate but did not change with the cutting speed.
From a theoretical point of view, model-based studies have also been introduced in the literature. For estimating tool wear [23] and surface roughness [17] in machining of GFRP composites, mathematical models in which regression and variance analysis and response surface method have been used have been developed. A variety of practical and theoretical works not mentioned here are dedicated for determining optimum processing parameters, because extreme cutting forces create damages in material. Material that has damages cannot be accepted within the production cycle; there should be minimum processing damage to reduce the production cost. Yet, a standard scheme on the processing parameters of GFRP composites has not been established because variations in the material's structure have an effect on the analysis results. To go further beyond ambiguity in this issue, additional studies are needed.
The objective of this study was to investigate the effect of cutting parameters on surface roughness of GFRP composites using cutting tools having different nose radius. As a result of this particular systematic process carried out on the GFRP material, it was found that the combination of low feed rate, high cutting speed, and tool radius is essential in minimizing surface roughness during turning of GFRP composite materials.
Materials and methods
In this experimental study, GFRP composite pipes were chosen as test materials according to international standards, G10-FW/HGW 2375. The GFRP pipes were filamentwound tubes made up from continuous E glass filaments structured in the form of roving and saturating with epoxy resin, which is recommended for applications requiring high mechanical strength and good electrical resistance. The technical specifications of the GFR material used in this work are given in Table 1 .
The experiments were carried out in pipes with walls of 50 mm diameter and 6 mm thickness. The material was turned on a lathe SMARC LC360B lathe machine (SJR Machinery Co. Ltd., Shanghai, China) with 2.2 kW motor power and maximum speed of 2000 rpm. Machining was performed under dry environmental conditions. In order to determine the effect of cutting parameters on surface roughness, a number of experiments were carried out at 87, 143, and 238 m/min cutting speeds and 0.052, 0.104, and 0.156 mm/rev feed rates, respectively. The depth of cut was kept constant as 1 mm, and a cemented carbide cutting tool and PTGNR 2020 M16 (ISO) tool holder were used. The types of tools were CNMA 120404, CNMA 120408, and CNMA 120412. The used tool geometry was 80° nose angle, 0° clearance angle, 12 mm cutting edge length, and 0.4, 0.8 and 1.2 mm nose radius, without chip breaker.
The experimental setup is shown in Figure 1 . The workpiece was held in the chuck of the lathe and the cutter was mounted on a three-component piezoelectric crystal type of dynamometer Kistler type 9257B (Kistler Instrumente AG, Winterthur, Switzerland), allowing measurements from -5 to 5 kN to measure the three axis component forces: thrust force (Ft), side force (Fr), and cutting force (Fc). Once the dynamometer detected cutting signals for the x, y, and z axes, the charge amplifier (Kistler type 5070A) amplified the signals and then, through a data accusation card (sampling rate = 5000 Hz), transmitted to a personal computer to compute the three axial cutting forces, Fc, Fr, and Ft, before the combined force F was then derived. The interface software was Kistler Dynoware (V2.6.3.12), provided with the data acquisition card. The surface roughness was measured at different cutting parameters, as mentioned above, using Taylor Hobson's Surtonic 3+ surface roughness device (Taylor Hobson Ltd, Leicester, UK). The measurement sampling length was chosen as 1.6 mm, and the processes were performed parallel to the axis channel. Three surface roughness values of machined surfaces were measured and averaged (Ra).
Results and discussion
From the point of view of the parametric analysis, in this particular work, the effect of different cutting speeds, feed rates, and tool nose radiuses on surface roughness and cutting force in turning of GFRP composite pipes was experimentally investigated. Table 2 is provided to show 
Influence of feed rate and cutting speed on surface roughness
The surface roughness of the work-piece acquired after the manufacturing process is affected by various factors [7, 24] , such as cutting parameters (speed, feed rate, and depth of cut), tool geometry (cutting edge angle, tool nose radius, etc.), tool materials (HSS, WC, PCD, etc), work materials, mechanical and thermal properties (work-piece hardness, tensile strength, elongation, thermal conductivity, etc.), cutting environment (dry, cutting fluid, MQL, etc.), and vibration [25] . Also, surface quality or roughness significantly affects the mechanical strength of components when they are subjected to fatigue cycles. Therefore, it is important to obtain an excellent surface quality for ensuring a higher performance in machined parts [7, 10, 12] , which plays an important role in many fields [24] . In the literature, it has been pointed out that, compared with cutting speed and feed rate, the depth of cut plays a small role in machining composite material [15, 17] . This is because in the experiments accomplished, it had been found that as the depth of cut increased, it produced an incomplete machining at a faster traverse, which led to a higher surface roughness. Hence, according to this result, low limit of feed rates in machining GFRP composites may be suggested, as has been proposed in [15, 17, 25, 26] . Figure 2 shows the influence of cutting parameters on surface roughness with feed rates of 0.052, 0.104, and 0.156 mm/rev and tool nose radius of r = 0.4, 0.8, and 1.2 mm.
As can be seen in Figure 2 , feed rate (f) and insert radius (r) significantly affected surface quality. As the feed rate increased, the surface roughness increased, and conversely, the surface quality was reduced. Therefore, in finished GFRP composite materials, a low rate of surface roughness is desirable. As the graph evolutions (surface roughness vs. feed rate) were analyzed, it was noticed that the relationship between feed rate and surface roughness was not linear. The nonlinearity of correlation increased with the increase in cutting speed. The tool nose radius, on the other hand, insubstantially affected surface roughness, which may be considered as insignificant. A small increase was detected in surface roughness with the decrease in tool radius. The relationship between these three parameters for GFRP materials differs from the relationship found for metals due to their inhomogeneous microstructure. The inhomogeneity results in surface deformations and fractures at micro levels, e.g., fiber ends sticking out, peaks of deformed matrix material, and holes from debonding between fibers and matrix.
The relation between cutting speed and surface quality is depicted in Figure 3 for the three different tool's radius. In this experiment, it was observed that surface roughness significantly decreased with the increase in cutting speed. As shown in Figure 3 , the relationship between surface roughness and cutting speed is nonlinear and the nonlinearity increases with the increase in feed rate. These information revealed by the results found here aligned with the ones obtained through the studies carried out previously [13, 14, [16] [17] [18] [19] 21] . These results imply that higher cutting speeds may cause very large deformation rates in glass fibers. Therefore, as in this experiment, the cutting speeds are kept low between 87 and 238 m/min, as in [17] , to not experience any problem.
To some extent, the surface roughness, as is shown in Figure 3 , can be improved by increasing the cutting speed. However, with extreme cutting speeds, due to the increase in heat in the material arising from surface friction, sometimes, deformations may crop up on the surface of finished composite material. These cross-correlations verified the results presented by Palanikumar et al. [26] . The increase in heat in the material causes softening of the material matrix and shearing. In this concept, contradictory results are available in the literature. While some colleagues are claiming that cutting speed significantly affects surface quality [13, 14, 16-19, 21, 22] , some others are claiming that it does not affect significantly [6, 7, 15, 20, 22] . The inconsistency arises perhaps from the experimental environment and the tools used. Here, in this experiment, it was observed that the surface roughness decreases with the increase in cutting speed, which, in general, is in line with the reports found in [13] .
Tool radius is a major factor that affects the surface roughness of the machined part [27] . As can be seen from Figures 4 and 5 , for the same feed rates and cutting speeds, the increase in tool nose radius slightly decreased the surface roughness of GFRP composite pipe. This phenomenon may be speculated as follows: as the tool radius increases, the microscale vibration on the surface of the composite fiber under process decreases, and consequently, the surface roughness decreases. From Figure 4C , it can be seen that the maximum surface roughness value (7.28 μm) was obtained at 0.156 mm/rev feed rate, 87 m/min cutting speed, and 0.4 mm tool radius. A larger tool radius produced a smoother surface at lower feed rates and a higher cutting speed. It is because a large tool radius reduces damping at higher cutting speeds and thus leads to a better surface quality compared with a small tool radius. This result is similar to the results obtained by various researchers [25] [26] [27] [28] . Therefore, it will be advantageous to use a tool with a large radius as much as possible while necessarily taking into account other factors such as tool wear [19] .
Influence of feed rate and cutting speed on cutting force (Fc)
Cutting force plays a central role in machining process. Analysis of cutting force for proper planning and control of the machining operation as well as for optimization of the cutting conditions is essential. The dynamic stability, positioning accuracy of the tool, and roughness of the machined surface all together need to be optimized to improve the surface quality and, hence, the lifetime of the parts used in machining industry. A good optimization reduces production time cost. Accordingly, as a part of this work, a set of experiments were conducted to determine the effects of feed rate and cutting speed on cutting force. The variations observed in cutting force during turning GFRP composite pipe with three different cutting tool radiuses are presented in Figures 6 and 7 .
It can be observed that the cutting force increases with the increase in feed rate for all cutting conditions, and conversely, the cutting force decays out with the increase in cutting speed (Figures 6 and 7) . These results do agree with the results presented by Hussain et al. [6] and with the manufacturing practice. These relationships, similar to the results mentioned above, are nonlinear relationships. The consistency between the curves in each figure seems to be much irregular, particularly for higher tool radius values (r = 1.2 mm). These results also show the impact of tool radius on the machining of GFRP composite materials. From these results, it can be concluded that high cutting speed and low feed rate should be preferred for turning of GFRP composite pipes.
Conclusions
Composite materials have inhomogeneous and anisotropic structures. Owing to these properties, they are produced to have a near-net shape. As secondary process, machining is conducted to obtain surface quality and dimensional accuracy. Further machining operations such as turning, milling, and drilling are the commonly used processes in industrial applications. Due to the inhomogeneity and anisotropic structures of GFRPs, during turning, some problems may be encountered with the work-piece, which generally reflects on to its surface. Main factors affecting surface roughness are cutting parameters. The objective of this study was to investigate the effect of cutting parameters on cutting force and surface roughness of GFRP composites using cutting tools having different nose radius. From the experimental results obtained in this particular study, the followings can be concluded.
In the machining of GFRP, particular conclusions emerge, as follows: -Decrease in feed rate improves surface roughness and, hence, surface quality. -Surface roughness decreases with the increase in cutting speed. -Surface roughness is highly influenced by feed rate.
-For similar feed rates and cutting speeds, an increase in tool nose radius decreases surface roughness. -Cutting force increases with the increase in feed rate for all cutting conditions. -An increase in cutting speed decreases cutting force. -An increase in tool nose radius decreases cutting force.
Considering everything, it was understood that for obtaining a good surface quality, high cutting speeds and low feed rates should be preferred in turning of GFRP composite pipes.
